. Recent studies on the analogous regulatory pairs involved in response to nitrogen limitation (NtrB-NtrC) (12) and in chemotaxis (CheA-CheY) (5) suggest that protein phosphorylation is involved in signal transduction. To determine whether the EnvZ-OmpR regulatory pair also uses this mechanism, we tested whether EnvZ could be phosphorylated in vitro.
Synthesis of the Escherichia coli K-12 major outer membrane porin proteins, OmpF and OmpC, is controlled by the products of the regulatory genes ompR and envZ in response to a variety of environmental conditions including changes in medium osmolarity (4, 19) . EnvZ is an integral cytoplasmic membrane protein (3) that is thought to act as an environmental sensor. Its function is to signal OmpR, a DNAbinding protein (6) , which then activates transcription of the appropriate porin gene (16) . Arf issue that is central to understanding the regulation of the porin genes is the mechanism by which EnvZ signals OmpR.
DNA sequence analysis of ompR and envZ has revealed similarities between OmpR and EnvZ and numerous twocomponent sensory processing systems in bacteria (14, 18) . Recent studies on the analogous regulatory pairs involved in response to nitrogen limitation (NtrB-NtrC) (12) and in chemotaxis (CheA-CheY) (5) suggest that protein phosphorylation is involved in signal transduction. To determine whether the EnvZ-OmpR regulatory pair also uses this mechanism, we tested whether EnvZ could be phosphorylated in vitro.
The examination of EnvZ phosphorylation in vitro is complicated by the fact that although ompR and envZ are transcribed as a single mRNA, the efficiency of envZ expression is much lower than that of ompR, suggesting that there is a strong translational barrier between these two genes (11) . Accordingly, EnvZ is present at less than 10 (3) . We suspect that the envZI15 mutation, which removes part of the first membrane-spanning segment, may prevent correct assembly of EnvZ sequences in the membrane. This might interfere with the ability of the protein to sense osmotic changes. Nevertheless, envZJ15 complements the envZ null mutation, and thus EnvZ115 must retain the ability to communicate with OmpR.
The protocol used to partially purify EnvZ115 from the overproducing strain was as follows. Strain MC4100 envZ60::TnJO containing plasmid pSG115 was grown in 1 liter of LB medium (15) to the mid-exponential phase of growth and then split into two equal portions. To one of the cultures, 1 mM IPTG was added to induce synthesis of EnvZ115; the other culture remained untreated and served as a control for the subsequent experiments. After 1 h, the cells were collected by centrifugation, and the pellets were stored overnight at -70°C. The cells were thawed, suspended in 2.5 ml of phosphate-buffered saline (2) , passed through a French press three times (15,000 lb/in2), and gently sonicated for 20 s. Unbroken cells were removed by centrifugation at 3,000 rpm (Sorvall rotor SS-34) for 10 min; the crude extracts ( Fig. 2A, lanes 1 and 2) were then spun at 10,000 rpm for 10 min (Sorvall rotor SS-34). Examination of the pellet from the induced culture revealed that it was enriched for EnvZ115. (The reason for the partitioning of this protein to the pellet is unclear, but may be the result of aggregation.) The pellets ( Fig. 2A, lanes 3 and 4) Complementation analysis of an envZ insertion mutation by the plasmid pSG115. Cellular envelopes were prepared from the plAsmid-containing strains grown in the absence of IPTG in either A medium (7) (lanes 1, 3, 5, and 7) or A medium supplemented with 15% sucrose (lanes 2, 4, 6, and 8) . The samples were analyzed on an 11% SDS-polyacrylamide gel containing 4 M urea. The positions of the outer membrane proteins OmpC, OmpF, and OmpA are indicated on the left. Lanes: 1 and 2, MC4100 (pBR322); 3 and 4, MC4100 (pSG115); 5 and 6, MC4100 envZ60::TnlO (pSG115); 7 and 8, MC4100 envZ60::TnlO (pBR322). move contaminating nucleotides and were then suspended in 0.5 ml of phosphate-buffered saline and stored at -70°C.
To test for phosphorylation of the partially purified EnvZ115 protein in vitro, samples of the crude extract and the pellet fraction fromn both the uninduced and the induced cells were incubated with 5 mM MgCl2 and 0.02 ,uM [y-32P]ATP (4,500 Ci/mmol) for 5 min at room temperature. The reactions were terminated by addition of sodium dodecyl sulfate sample buffer (8), heated to 55°C, and analyzed on a 10% polyacrylamide gel. After electrophoresis, the gel was dried under vacuum and subjected to autoradiography. As can be seen in Fig. 2B (lane 4) , a band that appears to correspond to EnvZ115 is labeled.
To confirm that the phosphorylated protein observed was indeed EnvZll5, immunoprecipitation studies with antiEnvZ antiserum were performed. For these experiments, the phosphorylation reaction was terminated by adding an equal volume of 2% sodium dodecyl sulfate-2 mM EDTA and then heating to 55°C for 5 min. The sample was then spun for 10 min in a Microfuge, and the soluble fraction was used for immunoprecipitation (17) . The immunoprecipitates were analyzed by gel electrophoresis followed by autoradiography (Fig. 3A) . To demonstrate the specificity of the rabbit anti-EnvZ antiserum, we show that an EnvZ-LacZ hybrid protein is also recognized (Fig. 3B, lane 4) . Because of the difficulties in solubilizing EnvZll5 without removing the phosphate, most of the phosphorylated protein remained in the pellet fraction. Therefore, recovery of labeled protein in the immunoprecipitation was low. Nevertheless, we conclude that the labeled protein is indeed EnvZ.
A series of experiments was performed to probe the nature of the EnvZ-labeling reaction and the properties of the labeled protein (Fig. 4 ). These data demonstrate that EnvZ modification specifically requires the -y-phosphate of ATP (Fig. 4, lanes 1 to 3) and that the labeled protein is sensitive to trichloroacetic acid (Fig. 4 , lanes 7 to 9) but is stable in alkali (Fig. 4, lane 4) Based on the similarities between EnvZ, CheA, and NtrB, we suggest that EnvZ is a protein kinase that catalyzes phosphorylation of itself and that phosphorylated EnvZ may serve as a phosphate donor to the transcriptional activator, OmpR. Although demonstration of the physiological relevance of the phosphorylation of EnvZ remains to be determined, these results provide an important clue to the mechanism of signal transduction in the porin regulon and greatly strengthen the view that the two-component regulatory systems share a common mechanism (13 
